Introduction {#s1}
============

CD4 T cells play a major role in autoimmune diseases such as systemic lupus erythematosus (SLE) by accumulating as autoreactive disease-promoting memory cells and amplifying inflammation as well as providing B cell help ([@bib62]). It is known that dysregulated cytokine production, metabolic alterations and aberrant cell signalling cause abnormalities in T cell differentiation and hyperactivation of B cells and thus contribute to lupus disease ([@bib43]). For SLE, there are several studies in mouse models and humans, showing that the progressive disease is associated with lower expression of TNF-α, IFN-γ, and IL-2 ([@bib24]) as well as higher expression of PD-1 ([@bib28]), IL-21 ([@bib73]), and IL-10 ([@bib17]). Despite the detection of these individual parameters, a comprehensive combinatorial characterization of T-cell subsets in SLE is still lacking.

Recent articles have revealed enormous and unexpected heterogeneity and complexity in T cell subpopulations with partially overlapping properties and functions of the cell subsets, such as follicular T helper (Tfh) and Tfh-like cell subsets ([@bib66]; [@bib76]; [@bib77]). Of particular interest are the recently observed human T peripheral helper cells (Tph), which expand in autoimmune diseases ([@bib4]; [@bib12]; [@bib15]; [@bib53]). These and other studies show on the one hand the enormous potential to gain new biological insights from multidimensional cytometry data. On the other hand, they reveal the tremendous demand for new analysis and visualization approaches, especially for the identification of small but different characteristics in apparently homogeneous subpopulations, which is emphasized by numerous review articles ([@bib32]; [@bib39]; [@bib45]; [@bib55]). Most of the current analysis strategies are based on clustering and the respective frequencies of the clusters ([@bib35]; [@bib52]; [@bib61]; [@bib77]). The main problem with these methods is that they tend to find mainly cell-populationclusters which are significantly high in phenotypical contrast. If the cell subpopulations are very similar or even partially overlapping, as in the present investigation, then a cluster approach is usually not very meaningful ([@bib45]; [@bib48]; [@bib55]).

To circumvent this problem, we developed the bin-based 'pattern recognition of immune cells (PRI)' strategy. PRI is a reproducible analysis and visualization approach to examine the combinatorial expression patterns of proteins in a mixture of similar cell subpopulations. Here, we have combined PRI with comprehensive cytometric measurements of Th cells from NZBxW F1 mice, a common lupus model. The results of our approach provide evidence for a super-functional Th cell subpopulation mainly characterized by IL-21^+^ IFN-γ^hi^ PD-1^low^, TNF-α^hi^ IL-2^hi^, and functional properties of Tfh-like cells.

Results {#s2}
=======

Introduction into visualization of multi-parametric flow cytometry data with pattern recognition of immune cells (PRI) {#s2-1}
----------------------------------------------------------------------------------------------------------------------

To analyze pathogenic memory Th cell subsets (CD4^+^ CD44^+^ cells ([@bib64]), in the following called Tmem cells), we used the NZBxW mouse model, which is one of the best-established models for human SLE, and visualized the combinatorics of three proteins from splenic T cells of old diseased mice (chronic inflammation, high proteinuria). We plotted IFN-γ and TNF-α expression of Tmem cells with conventional tools such as contour plots ([Figure 1A](#fig1){ref-type="fig"}), a pie chart ([Figure 1C](#fig1){ref-type="fig"}), a stacked bar chart ([Figure 1D](#fig1){ref-type="fig"}), and the recent tool 'color mapping of dots' by FlowJo ([Figure 1B](#fig1){ref-type="fig"}). As expected, IFN-γ is almost exclusively produced by CD44^+^ cells ([Figure 1D](#fig1){ref-type="fig"}).

![PRI allows the visualization of the combinatorial protein expression.\
Flow cytometry data from stimulated (PMA/ionomycin) splenic T cells from NZBxW mice were analyzed either conventionally or by bin plots. (**A**) Overlay of IFN-γ^+^ cells on all T cells. (**B**) FlowJo's color maps showing MFI of IFN-γ. (**C, D**) Frequencies of the co-production of TNF-α, CD44^+^ and IFN-γ are depicted as categories (**C**) and as individual combinations (**D**). (**E**) For bin plots, the x-y-plane of TNF-α and CD44 is divided into small, equally sized bins (asinh = 0.2). If a bin contains the minimum number of cells (10), a statistical feature is calculated such as cell density (left), frequency (middle) or MFI (right) of IFN-γ. The scale of the feature is represented as a pseudo-color code. (**F**) Relative mean expression level per bin (MFI+) of IFN-γ only in IFN-γ producing cells (left), of IL-2 in IL-2^+^ (middle) and PD-1 in PD-1^+^ cells (right). Grey bins contain less than 10 Z^+^ cells. Data represent one old diseased mouse (**A--F**). (**E, F**) Cell frequencies per quadrant are calculated from the number of cells per sample (black) and number of Z^+^ cells per sample (green). Data represent three independent experiments with (**C, E**) n = 4 mice per group.\
Figure 1---source data 1.[Figure 1C,D](#fig1){ref-type="fig"}: Frequencies of double and single producers.](elife-53226-fig1){#fig1}

We confirmed this fact with our PRI visualization tool by plotting different features of IFN-γ expression as heat maps onto the x-y plane of TNF-α *vs.* CD44 ([Figure 1E](#fig1){ref-type="fig"}). To this end, the x-y plane was divided into equally sized bins. The resulting plots were called bin plots. Per bin, we calculated and depicted the features (i) cell density, (ii) frequency of IFN-γ-producing cells (%), (iii) mean fluorescence intensity (MFI) of IFN-γ, and (iv) the relative expression level of IFN-γ calculated as mean fluorescence intensity of IFN-γ only of IFN-γ^+^ cells (MFI+ (IFN-γ)) ([Figure 1F](#fig1){ref-type="fig"}). Apparently, our bin plot comparison shows that the bins with the highest expression levels of IFN-γ are TNF-α^hi^ CD44^+^ ([Figure 1F](#fig1){ref-type="fig"}) and are in an area with low cell density and low-to-intermediate frequency of IFN-γ ([Figure 1E](#fig1){ref-type="fig"}). Such information cannot be extracted from the conventional plots.

Next, we used PRI for 'pseudo-multi-parametric viewing' by color-coding different parameters of the same sample (old diseased NZBxW mouse) on the same x-y plane. This visualized that the IFN-γ^highest^ bin area contains cells that are also high in IL-2, but low in PD-1 ([Figure 1F](#fig1){ref-type="fig"}). The applied pseudo-multi-parametric viewing of PRI supports the discovery and characterization of specific subpopulations with certain or unique properties not only in an easy to understand and comprehensive manner but also on a reproducible basis.

Disease kinetics reveal a subsequent reduction of poly-functional memory T cells {#s2-2}
--------------------------------------------------------------------------------

Despite the suspected importance of combinatorial expression of inhibitory receptors (such as PD-1) and cytokines for immunity ([@bib42]), to our knowledge, there are no comprehensive co-expression studies with CD4^+^ T cells at single-cell protein level for SLE.

To characterize the disease kinetics of lupus development, we scored NZBxW mice according to their age and proteinuria ([Figure 2A](#fig2){ref-type="fig"}), determined their auto-antibody concentrations and analyzed the expression of PD-1 and four main cytokines in CD4^+^ Tmem cells. Increased frequencies of PD-1^+^ and IL-10^+^ cells as well as decreased frequencies of IL-2^+^ and TNF-α^+^ cells were age- and disease-dependent ([Figure 2A--C](#fig2){ref-type="fig"}). The co-production of the cytokines changed in the course of the disease to a lower degree of poly-functionality, visible by the accumulation of non-producing and IFN-γ single-producing cells ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}).

![The cytokine co-expression is altered in PD-1^+^ T cells in young and old mice.\
(**A**) Disease status of NZBxW mice was scored according to their age and proteinuria (PU). The disease score was correlated with the frequencies of PD-1^+^ T cells and serum levels of anti-ds-DNA-IgG antibodies. (**B**) Disease-associated changes of the protein expression shown by histogram overlays (top) and statistical analyses (bottom). (**C**) Representative gating scheme of PD-1^-^, PD-1^low^ and PD-1^hi^ subpopulations in CD4^+^ CD44^+^ T cells from mice of disease score 1 and 5, respectively. (**D**) Statistical analyses of the frequencies of IL-2, TNF-α, IFN-γ and IL-10 producers in PD-1 subpopulations from mice with disease score of 1 (light grey) and 5 (dark grey). (**E**) Frequencies of TNF-α ^+^ cells of the PD-1^+^ IFN-γ^+^ subpopulation in disease score 1 and 5. (**F**) Representative bin plots of disease score 1 and 5 with PD-1 (x-axis), IFN-γ (y-axis) displaying the frequencies of TNF-α, IL-2 and IL-10, respectively, per bin. Cut-off for PD-1^hi^ cells is marked with dashed lines. Data represent two independent experiments with (**A**), n = 2 mice for each score, (**B-- F**) n = 6--7 mice per group. Samples were compared using the Mann Whitney test (**B**), a repeated measure two-way ANOVA with Geisser-Greenhouse correction and Dunnett's multiple comparison test (**D**) and a two-sided unpaired t-test (**E**). Data are presented as the mean ± SEM.\
Figure 2---source data 1.[Figure 2A](#fig2){ref-type="fig"}: Serum levels of anti-ds-DNA-IgG vs. PD-1 frequency.\
Figure 2---source data 2.[Figure 2B](#fig2){ref-type="fig"}: Frequencies of protein expression of mice in disease score 1 and 5, respectively.Data represent two independent experiments with n = 6 or seven mice per group.\
Figure 2---source data 3.[Figure 2D](#fig2){ref-type="fig"}: Frequencies of IL-2, TNF-α, IFN-γ and IL-10 producers in PD-1 subpopulations of mice in disease score 1 and 5, respectively.Data represent two independent experiments with n = 7 mice per group.\
Figure 2---source data 4.[Figure 2E](#fig2){ref-type="fig"}: Frequencies of TNF-α cells of the PD-1^+^ IFN-γ^+^ subpopulation in mice of disease score 1 and 5, respectively.Data represent two independent experiments with n = 5 mice per group.](elife-53226-fig2){#fig2}

As loss of poly-functionality is considered as a hallmark of chronic infections and often used as an end-point to evaluate exhaustion of CD8^+^ and CD4^+^ T cells ([@bib33]; [@bib65]), we investigated the combinatorial expression of the four cytokines with PD-1.

PRI facilitates the combinatorial characterization of chronically activated T cells {#s2-3}
-----------------------------------------------------------------------------------

We classified the disease scores 1--2 as \'young\', and 3--5 as \'old diseased' and compared these scores using combinatorial analyses. According to publications on chronic infections ([@bib27]), we divided the PD-1 expression into three ranges (negative (-), low to intermediate (low), and high (hi) ([Figure 2C](#fig2){ref-type="fig"}), using FMO controls and loss of function in IL-2 expression and plotted the diagrams for conventional analysis ([Figure 2D and E](#fig2){ref-type="fig"}) and PRI visualization ([Figure 2F](#fig2){ref-type="fig"}). During disease progression of lupus nephritis, a higher expression of inhibitory receptor PD-1 was associated with a lower degree of CD4^+^ Tmem-cell functionality regarding IL-2, TNF-α and IFN-γ expression ([Figure 2D---figure supplement 2A and B](#fig2s2){ref-type="fig"}). This was underlined when comparing PD-1^+^ (low and hi) and PD-1^--^ cell populations in mice of score 5: the frequencies of IL-2- and TNF-α-producing cells were lower but that of IFN-γ- and IL-10-producing cells were higher in the PD-1^+^ cell populations ([Figure 2F---figure supplement 2B-D](#fig2s2){ref-type="fig"}). The frequencies of TNF-α^+^ Tmem cells within the IFN-γ^+^ PD-1^+^ CD4^+^ subpopulations were reduced with lupus nephritis ([Figure 2E](#fig2){ref-type="fig"}), similar to CD8^+^ Tmem cells in chronic infections ([@bib68]).

In contrast to pie charts ([Figure 2---figure supplement 2E](#fig2s2){ref-type="fig"}), pseudo-multi-parametric viewing of bin plots allows to compare whole patterns (frequencies and expression level) and bin areas of different cytokines which are color-plotted on the same x-y-plane. Apparently, bins in the IFN-γ^hi^PD-1^--/low^ area contain the highest frequencies and expression levels of TNF-α and IL-2, but almost no IL-10 production ([Figure 2F---figure supplement 2C and D](#fig2s2){ref-type="fig"}). The low co-expression of IL-10 and IL-2 as well as TNF-α was confirmed by contour plots ([Figure 2---figure supplement 3A](#fig2s3){ref-type="fig"}). Compared to the conventional analysis of the PD-1 subgroups ([Figure 2D---figure supplement 2A, B and E](#fig2s2){ref-type="fig"}), the higher combinatorial complexity of PRI enabled the identification of more informative subpopulations like PD-1^low^ IFN-γ^hi^ cells ([Figure 2F---figure supplement 2C](#fig2s2){ref-type="fig"}).

Obviously, the combinatorial pattern of three parameters in bin plots ([@bib3]) supports a more conclusive statement than just determining the frequencies of quadrants after subsequent gating, which demonstrates a particular strength of our semi-continuous bin plotting. This might explain the contrary results of Kasagi et al. which report 'higher levels of IFN-γ in PD-1^hi^ than in PD-1^low^ cells' in diseased NZBxW mice in the CD4^+^ population ([@bib30]).

Reproducible and statistically robust bin plot patterns exemplarily shown with combinatorial IL-10 expression {#s2-4}
-------------------------------------------------------------------------------------------------------------

We discovered a similar bin plot pattern of IL-10 (higher frequencies associated with a PD-1^hi^ IFN-γ^low^ phenotype) in all studied mice despite high differences in the frequencies of IL-10 expression per mouse and disease score ([Figure 2---figure supplement 3B and D](#fig2s3){ref-type="fig"}), and even when mice from a different experiment were concatenated (three mice each) ([Figure 2---figure supplement 3C](#fig2s3){ref-type="fig"}). Using IL-10 bin plots, we also demonstrated some general advantages of the PRI approach: (i) Varying the cut-off value for IL-10^+^ cells had a high impact on IL-10 frequencies, but almost no influence on their bin pattern ([Figure 2---figure supplement 3E](#fig2s3){ref-type="fig"}). (ii) The plotted bin area with 10 cells per bin provides statistically reliable data, as demonstrated by the relative standard error of the mean (RSEM) ([Figure 2---figure supplement 3F](#fig2s3){ref-type="fig"}). (iii) A comparison of different samples regarding IL-10 expression, here different donor mice, different experiments and different disease scores, is easily feasible due to their bin pattern similarities.

Bin plots revealed an IL-21^+^ super-functional T cell subpopulation {#s2-5}
--------------------------------------------------------------------

Recently, IL-10 was found to be highly co-expressed with IL-21 (60%) in Tmem cells in SLE patients ([@bib17]). Therefore, we additionally included the measurement of IL-21 in the combinatorial expression study of NZBxW T cells, which led to 32 possible combinations for the co-production of five cytokines ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Contrary to [@bib17], however, in NZBxW mice we observed neither substantial IL-10 and IL-21 co-expression with conventional contour plots nor strongly overlapping bin regions in bin plots on the TNF-α and IFN-γ plane ([Figure 3A and D](#fig3){ref-type="fig"}). In contrast, IL-21 is particularly co-expressed with IL-2 and TNF-α^hi^ as demonstrated with contour plots and bin plots analyzing two ([Figure 3A](#fig3){ref-type="fig"}), three ([Figure 3D](#fig3){ref-type="fig"}) or four cytokines ([Figure 3E](#fig3){ref-type="fig"}) simultaneously.

![Most IL-21 producers in the NZBxW model strongly co-express Th1 cytokines but no CXCR5.\
(**A**) Co-production of IL-21 with cytokines and the Tfh markers PD-1 and CXCR5 in concatenated CD4^+^ CD44^+^ cells from young and old diseased mice. (**B**) Tfh cells were identified based on their high expression of PD-1 and CXCR5 positivity. (**C**) Statistical analyses of IL-21^+^ subpopulations extracted from FlowJo. (**D, E**) Cytokine co-production is analyzed by bin plots showing the frequencies of IL-21^+^, IL-2^+^, IL-10^+^ (**D**) and IL-2^+^ IL-21^+^ cells (**E**). Green numbers indicate the frequency of IL-2^+^ IL-21^+^ double producers relative to all cells per quadrant (**E**). (**F, G**) Bin plots of concatenated samples of young and old diseased mice with PD-1 (x-axis), IFN-γ (y-axis) displaying the cell density and frequencies of IFN-γ+ and IL-10^+^ (**F**) and CXCR5 (**G**), respectively, per bin. Percentages written in italic letters represent the population size of PD-1^low^ IL-21^+^ IFN-γ^+^ cells. Data are representative of three independent experiments (**A--B**). (**C**) Pooled data from two experiments involving n = 4 (young) and n = 6 (old) mice per group. Samples were compared using Mann-Whitney-U-test. Data are presented as the mean ± s.e.m. (**D--G**) The samples were concatenated from n = 3 young and old mice of the same experiment. Cut-off for PD-1^hi^ cells is marked with dashed lines. (**E**) If a bin contains the minimum number of cells (5), the frequency of the third marker is shown in pseudo-colors. Cell frequencies per quadrant are calculated on the number of cells per sample (black) and number of Z^+^ cells per sample (green).\
Figure 3---source data 1.[Figure 3C](#fig3){ref-type="fig"}: Proportion of different CD4+CD44+ T cell subsets in young score 1-diseased mice versus old score 5-diseased mice.Data from two pooled experiments involving n = 1--5 mice per group.](elife-53226-fig3){#fig3}

When searching for IL-21^+^ Tmem cell subpopulations with differences in frequencies between young (score 1--2) and old diseased (score 3--5) NZBxW mice, we identified a tendency towards higher frequencies of IL-21^+^ and IL-21^+^ IFN-γ^+^ cells in old compared to young mice using conventional gating analysis. However, they were not statistically significant in contrast to PD1^hi^ cells of Tmem and CD44^+^ cells of CD4^+^ subset ([Figure 3C](#fig3){ref-type="fig"}).

Gating for PD-1^hi^ and PD-1^low^ populations revealed that all populations studied had higher frequencies in older mice, but only the PD-1^low^ IL-21^+^ IFN-γ^+^ population was significantly higher ([Figure 3C](#fig3){ref-type="fig"}). These data are comparable with the PRI-data ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}), even if the PD-1^low^ IL-21^+^ IFN-γ^+^ population was not significantly different between young and old diseased mice. Although IL-21 is a hallmark of Tfh cells, in the NZBxW model, the expression of IL-21 is not correlated with a PD-1^hi^ CXCR5^+^ Tfh cell phenotype ([Figure 3G---figure supplement 1D](#fig3s1){ref-type="fig"}).

Obviously, the frequencies of IL-21^+^ cells among Tmem cells do not change significantly with higher disease scores, but rather the properties of these cells to co-produce IFN-γ and PD-1 ([Figure 3C and F---figure supplement 1B and C](#fig3s1){ref-type="fig"}). The identified PD-1^low^ IL-21^+^ IFN-γ^hi^ cell subpopulation even expressed high amounts of IL-2 and TNF-α in both young and old diseased mice. Therefore, in the following they are referred to as super-functional T (Tsh) cells.

Pseudo-multi-parametric viewing of bin plots to analyze co-expression properties {#s2-6}
--------------------------------------------------------------------------------

Based on our experience ([@bib20]) that the co-expression of cytokines and receptors matters, we further characterized the identified IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells by studying the bin pattern of 42 functionally relevant proteins on the PD-1 and IFN-γ plane (17 out of them are shown in [Figure 4A](#fig4){ref-type="fig"}; [Figure 4---figure supplement 1A and B](#fig4s1){ref-type="fig"}). We used IFN-γ instead of IL-21 as the second parameter on the y-axis because the intensity range of IFN-γ is much wider than the range of IL-21 and therefore better for visualizing preferred expression areas of the most Z-parameters. Due to the reproducible expression patterns, PRI allowed the analysis of proteins from different mice and experiments. Again, PD-1^low^ IFN-γ^hi^ bins showed the highest probability of IL-21^+^ cells. T cells in these bins predominantly co-expressed CXCR3 and T-bet and lacked FoxP3 expression. The IL-21^+^ expression pattern overlapped only partially with that of Bcl6, CXCR5 or CXCR4 ([Figure 4A---figure supplement 1A](#fig4s1){ref-type="fig"}). Furthermore, the IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells additionally produced CD40L and ICOS, two receptors involved in the interaction of T and B cells. CD40L was even produced in the highest amounts by IFN-γ^hi^ cells ([Figure 4B---figure supplement 1A](#fig4s1){ref-type="fig"}). In contrast, the stimulatory receptors ICOS, OX40, GITR and CD27 showed lower intensities of expression in the PD-1^low^ IFN-γ^hi^ bin area but higher intensities in the Tfh (Bcl6^hi^) bin area. The same is true for the inhibitory receptors TIGIT, CTLA4 and BTLA, which were mainly produced by Tfh cells, chronically activated T cells and/or Treg cells ([Figure 4B---figure supplement 1](#fig4s1){ref-type="fig"}). All these properties and their intermediate-to-high PSGL-1 expression suggest a Tfh-like cell subpopulation with Th1 properties instead of extrafollicular Tfh cells ([@bib10]; [@bib49]).

![Super-functional T cells exhibit Th1 characteristics and are CD40L^hi^ ICOS^+^.\
(**A**) Bin plots visualize the co-expression of PD-1 and IFN-γ with various proteins in stimulated (PMA/ionomycin) splenic T cells of old mice. (**B**) Distribution of the top 50% Z^+^ cells of selected markers from (**A**). If a bin contains the minimum number of cells (10), the frequency of the third marker is shown in pseudo-colors. Cell frequencies per quadrant are calculated on the number of Z^+^ cells in the quadrant (red) and number of Z^+^ cells per sample (green). Data are representative for at least two independent experiments with n ≥ 3 mice.](elife-53226-fig4){#fig4}

As the IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells lacked CXCR5 expression as other Tfh-like cells, we addressed their contribution to IL-21^+^ cells ([Figure 5A and B](#fig5){ref-type="fig"}) in spleen and their tissue distribution ([Figure 5C](#fig5){ref-type="fig"}). We were able to localize them in spleen and non-lymphoid organs, liver and lungs at comparable frequencies ([Figure 5C and D](#fig5){ref-type="fig"}). We could also detect them in kidneys and peripheral blood ([Figure 5C and D](#fig5){ref-type="fig"} and data not shown). Again, IL-21^+^ cells co-produced high levels of IFN-γ in all these organs, but almost no CXCR5 ([Figure 5D](#fig5){ref-type="fig"}). Interestingly, the Tsh cell subset in diseased NZBxW mice is two times bigger than the Tph and 10 times bigger than the Tfh cell subset.

![Super-functional T cells in peripheral organs exceed extrafollicular T cells and Tph cells in terms of frequency.\
(**A**) Absolute numbers of PD-1 subsets in spleens. (**B**) Frequency of IL-21 producers in spleens. (**C, D**) Frequency of IL-21 producers in terms of localization and in terms of PD-1 subset. Data represent two independent experiments with n = 4 mice per organ. Data are presented as the mean ± s.e.m.\
Figure 5---source data 1.[Figure 5A](#fig5){ref-type="fig"}: Frequencies of PD-1 subpopulation.Data represent two independent experiments with n = 4 mice per organ.\
Figure 5---source data 2.[Figure 5B](#fig5){ref-type="fig"}: Frequencies of IL-21 producers in spleens.Data represent two independent experiments with n = 4 mice per organ.\
Figure 5---source data 3.[Figure 5C](#fig5){ref-type="fig"}: Frequencies of IL-21 producers in terms of localization and in terms of PD-1 subset.Data represent two independent experiments with n = 4 mice per organ.\
Figure 5---source data 4.[Figure 5D](#fig5){ref-type="fig"}: Frequencies of IL-21 producers in terms of localization and in terms of PD-1 subset.Data represent two independent experiments with n = 4 mice per organ.](elife-53226-fig5){#fig5}

PRI reveals differences between Tfh and Tfh-like cell subpopulations {#s2-7}
--------------------------------------------------------------------

To better define and compare important properties of Th cell subpopulations, we determined expression values of bin areas with multiple samples. To this end, we covered the PD-1-IFN-γ plane with a 3 × 3 grid, which led to nine categories according to their PD-1 and IFN-γ expression levels ([Figure 6A](#fig6){ref-type="fig"}). The statistical analysis of many markers within these categories ([Figure 6B---figure supplement 1A](#fig6s1){ref-type="fig"}) confirms a particular pattern of Th cell subpopulations (shown as a schematic distribution in [Figure 6D](#fig6){ref-type="fig"}). These include the highest frequencies of IL-21^+^ T cells in PD-1^low^ T cells, which was demonstrated by their normalization to CD44^+^ T cells ([Figure 6C](#fig6){ref-type="fig"}) and their positive correlation with the IFN-γ expression level ([Figure 6B](#fig6){ref-type="fig"}).

![Comparison of Tfh and Tfh-like cell subpopulations by bin patterns.\
(**A**) Subdivision of Tmem cells into nine categories based on their PD-1 and IFN-γ expression (compare to **D**). (**B**) Barplots depicting the frequencies of CXCR5, Bcl6 and IL-21 producers in respective subpopulations. (**C**) Frequency of the IL-21 producers of each subpopulation relative to CD44^+^ cells. (**D**) Areas with highest probability for Treg, Tfh, Th1 and IL-21^+^ cells. (**E**) Representative bin plots of the frequencies of double producers for CXCR5/Bcl6, IL21/Bcl6, IL21/CXCR5, IL21/ICOS^hi^, IL21/CD40L in splenic T cells of old diseased mice. (**F**) Representative bin plot of the frequency of IL21 producing, but CXCR5 non-producing cells in splenic T cells of old diseased mice. (**G**) T cells were sub-divided according to their CXCR5 and Bcl6 expression levels into negative (-), low and high (hi) expressors (left). Their IL-21 production was investigated by histogram overlays (right). (**H**) 3D heatmap showing frequencies of Bcl6 (left) and IL21 producers (right) with PD-1 (x-axis) and IFN-γ (y-axis). All data represent three independent experiments with (**B, C**), n = 3--9 mice and (**E--G**), 3--11 mice. E-F, Frequencies of 'double' producers are calculated per quadrant (red) and per all CD44^+^ cells (green). Grey bins contain less than 10 Z^+^ cells. Data are presented as the mean ± s.e.m.\
Figure 6---source data 1.[Figure 6B](#fig6){ref-type="fig"}: Frequencies of CXCR5, Bcl6 and IL-21 producers in respective subpopulations.Data represent three independent experiments with n = 3--9 mice.\
Figure 6---source data 2.[Figure 6C](#fig6){ref-type="fig"}: Frequencies of IL-21 of CD44^+^ producers in respective subpopulations.Data represent three independent experiments with n = 3--9 mice.](elife-53226-fig6){#fig6}

Using viSNE plots, the association of IL-21^+^ cells with high IFN-γ expression and their separation from PD-1^hi^ T cells could also be demonstrated ([Figure 6---figure supplement 1B](#fig6s1){ref-type="fig"}). However, viSNE was only partially appropriate for dim markers such as CXCR5 or Bcl6, because it illustrates the MFI over all cells. Color Maps (FlowJo 7.2) have similar issues with suboptimal color distributions for dim markers and only represent MFIs and not expression levels ([Figure 6---figure supplement 1D](#fig6s1){ref-type="fig"}). PRI, instead, allows the calculation of relative expression levels of marker Z of Z^+^ cells (MFI+ (Z)) ([Figure 6---figure supplement 1C](#fig6s1){ref-type="fig"}).

To further delineate Tfh-like and Tfh cell subpopulations, we investigated the co-expression of IL-21 with the Tfh marker proteins CXCR5 and Bcl6 as well as the T/B cell interaction receptors ICOS and CD40L. Again, we used PRI to calculate the frequencies of positive cells, this time for two defined marker proteins per bin to visualize double producers ([Figure 6E](#fig6){ref-type="fig"}). CXCR5^+^ Bcl6^+^ (Tfh cells) predominantly appeared in bins at the PD-1^hi^ side, while there were only few bins with IL-21^+^ Bcl6^+^, IL-21^+^ CXCR5^+^ and even IL-21^+^ ICOS^hi^ T cells. Instead, the co-production of IL-21 and CD40L is localized in bins with IFN-γ^hi^ T cells ([Figure 6E](#fig6){ref-type="fig"}). IL-21 expression levels did not correlate with Bcl6 and negatively with CXCR5 ([Figure 6G](#fig6){ref-type="fig"}).

Plotting only IL-21^+^ CXCR5^-^ cells in PRI-bins with a PD1^hi^ threshold visualized Tsh and Tph cell subsets together. Most of these cells are not PD-1^hi^ but PD-1^lo^ ([Figure 6F](#fig6){ref-type="fig"}).

The discrepancy between IL-21 and Tfh marker expression became evident again when the frequencies ([Figure 6H](#fig6){ref-type="fig"}) or expression levels ([Figure 6---figure supplement 1E](#fig6s1){ref-type="fig"}) of IL-21 and Bcl6 producers were visualized by 3D surface plots, since positive cells for each protein appeared in different areas.

Super-functional T cells provide B cell help {#s2-8}
--------------------------------------------

Next, we asked for similarities and differences between already described Tfh-like cell subpopulations ([@bib10]; [@bib26]; [@bib71]) and the specified IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells identified here. The main difference is the high PD-1 expression which has been described for all previously identified Tfh-like subsets, including the human Tph cells ([@bib4]; [@bib12]; [@bib15]; [@bib53]).

Expression level, number and frequency of cytokines were usually not characterized in parallel with Tfh-like marker proteins. The most important similarities between the here specified and already known Tfh-like cells, besides IL-21 expression, are the absence of CXCR5 and expression of ICOS and CD40L^hi^ ([Figure 4A and B---figure supplement 1](#fig4s1){ref-type="fig"}). These characteristics have prompted us to investigate whether the IL-21^+^ Tmem cells are able to induce antibody production by co-culture of CD44^-^ naive B cells and CD44^+^ CXCR3^+^ non-Tfh non-Treg cells ([Figure 7A](#fig7){ref-type="fig"}). CXCR3^+^ served as a surrogate marker for IFN-γ production in FACS live sorting and helped to enrich IL-21^+^ IFN-γ^hi^ Tmem cells by a factor of five compared to CD44^+^ T cells ([Figure 4A](#fig4){ref-type="fig"}, [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}). Polyclonal stimulation of these CXCR3^+^ T cells induced a high IgG production by B cells ([Figure 7B](#fig7){ref-type="fig"}) which was reduced either by blocking IL-21 or CD40L signaling and was abrogated by blocking both pathways ([Figure 7B](#fig7){ref-type="fig"}). We could rule out B cell helping activity of high IFN-γ levels of these cells, as reported for IgG2a induction ([@bib59]), since the blockade of IFN-γ did not diminish total IgG production ([Figure 7B](#fig7){ref-type="fig"}).

![Super-functional T cells provide help for IgG production in co-cultures with B cells and expand B cells with activated GL7^+^ Fas^+^Germinal Center-like phenotype.\
(**A**) Splenocytes were FACS-sorted for naïve B cells (CD19^+^ B220^+^ CD44^low^) and Th1 cells (CD4^+^ CXCR5^-^ CD44^+^ CD25^-^ CXCR3^+^). Both fractions were co-cultured for 5 days in presence or absence of antibodies against B cell activating cytokines. T cells were stimulated with agonistic antibodies against CD3 and CD28. As positive control, B cells were stimulated with IL-21 and an agonistic anti-CD40 antibody. IgG in the supernatant was detected by an ELISA. (**B**) ELISA results. One representative experiment of three is shown. Statistical analysis was performed by one-way ANOVA with Dunnett's multiple comparison test. (**C**) Total CD19^+^ B220^+^ B cells were co-cultured for 5 days either alone (negative control, -), or with IL-21 + anti-CD40 antibody (positive control, +), CXCR3^+^ PD-1^lo^ Tsh (PD-1^lo^ CXCR3^+^), CXCR3^-^ PD-1^lo^ CD4 T cells (PD-1^lo^ CXCR3^-^), or PD-1^hi^ CXCR5^+/-^ cells (PD-1^hi^) FACS-sorted from pooled splenocytes of 2-year-old C57Bl/6 mice. At day 5, viable B cells were identified and percentage of activated Germinal Center (GC)-like B cells was determined by co-expression of GL7 and Fas, antibody-producing plasma cells (PC) by expression of CD138. Data on B cell count and viability are representative of one out of two experiments involving six replicates per condition. Data on GL7^+^ Fas^+^ GC-like B cells and CD138^+^ antibody-producing cells are pooled data from two independent experiments involving 1--7 replicates. Statistical significance of differences between CXCR3^+^ PD-1^lo^ Tsh co-cultures and other conditions were assessed by Mann Whitney test.\
Figure 7---source data 1.[Figure 7B](#fig7){ref-type="fig"}: Frequencies of IgG concentrations in co-cultures with different antibody settings.Data represent one of three independent experiments with n = 3--4 mice.\
Figure 7---source data 2.[Figure 7C](#fig7){ref-type="fig"}: Cells per well and frequencies of GC-like and CD138^+^ cells in co-cultures with different T cell subsets.Data on B cell count and viability are representative of one out of two experiments involving six replicates per condition. Data on GL7^+^ Fas^+^ GC-like B cells and CD138^+^ antibody-producing cells are pooled data from two independent experiments involving 1--7 replicates.](elife-53226-fig7){#fig7}

To measure the relative helper functions of Tsh cells, we compared their ability to provide B cell help with that of other T cell subsets in vitro ([Figure 7C---figure supplement 2](#fig7s2){ref-type="fig"}). We sorted (CD4^+^ CD44^+^ PD-1^hi^) cells containing CXCR5^+^ Tfh helper cells with well-established helper functions ([@bib69]), Tsh (CD4^+^ CD44^+^ CXCR5^-^ PD-1^low^ CXCR3^+^), and as control population also the CD4^+^ CD44^+^ CXCR5^-^ PD-1^low^ CXCR3^-^ subset, and co-cultured them with B cells in vitro for 5 days ([Figure 7---figure supplement 2A--B](#fig7s2){ref-type="fig"}). To obtain enough T cells, in particular PD-1^hi^ cells that represent a minute population in NZBxW mice ([Figure 3C](#fig3){ref-type="fig"}), we resorted to old (15--24 months) C57BL/6 mice readily available and known to develop autoimmune features ([@bib21]; [@bib47]). We had found that these mice also present with increased numbers of Tsh cells co-producing high levels of IFN-γ, IL-21 and CD40L ([Figure 7---figure supplement 2C](#fig7s2){ref-type="fig"}). At the endpoint of the co-culture, we analyzed the B cells for their numbers, viability and phenotype by flow cytometry ([Figure 7---figure supplement 2D](#fig7s2){ref-type="fig"}). Strikingly, PD-1^low^ CXCR3^+^ Tsh cells promoted larger expansion of B cells than any other conditions, even outnumbering the positive control (IL-21 and anti-CD40) and PD-1^hi^ cells by a factor of two and three, respectively ([Figure 7C---figure supplement 2D](#fig7s2){ref-type="fig"}). However, PD-1^hi^ cells were clearly superior in preserving more viable B cells than the other conditions ([Figure 7C---figure supplement 2D](#fig7s2){ref-type="fig"}). The phenotype of B cells cultured with Tsh cells was in stark contrast compared to that of B cells cultured with PD-1^hi^ cells. While the proportion of CD138^+^ antibody-producing B cells was higher in the co-cultures with PD-1^hi^ cells (20% against 2--6% in other cultures), Tsh cells induced 33% of the B cells to express the activation markers GL7 and Fas, typically used to define germinal center (GC) B cells, against 1.5% of B cells with a GC-like phenotype in PD-1^hi^ co-cultures ([Figure 7C---figure supplement 2D](#fig7s2){ref-type="fig"}). The proportion of GC-like B cells recovered with Tsh cells was similar to that found with PD-1^low^ CXCR3^-^ cells and the positive control ([Figure 7C---figure supplement 2D](#fig7s2){ref-type="fig"}). Nevertheless, given the superiority of Tsh cells to promote B cell expansion, this experiment indicates that Tsh cells have highly potent helper capacity and suggests complementary functions to that of PD-1^hi^ and Tfh cells during B cell differentiation.

All this suggests that the IL-21 producing super-functional Th cells (IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells) represent a novel Tfh-like subpopulation that can provide B-cell help in lupus nephritis mice in an IL-21- and CD40L-dependent manner.

Discussion {#s3}
==========

For many autoimmune diseases, the underlying cellular mechanisms are still incompletely understood. To develop novel targeted therapies, it is important to identify potentially pathogenic immune cell subsets. To this end, appropriate methods for the analysis and visualization of high-dimensional cytometric data are crucial to document global changes in the immune cell pattern during the course of the disease. Our study has generated three important findings: it showed the added value of our PRI-visualization, it identified a super-functional Tfh-like cell subpopulation and it indicated its potential functional effect on SLE.

First, PRI enabled the identification and characterization of the super-functional IL-21^+^ IFN-γ^hi^ cell subset by its main functionalities: (i) simple visualization of the combinatorial properties of three markers and heat map representation of different statistical attributes of the third marker by binning conventional two-parametric dot plots (e.g. [Figure 1E](#fig1){ref-type="fig"}, [Figure 6E](#fig6){ref-type="fig"}); (ii) semi-continuous, combinatorial display that allows straightforward perception of correlating patterns (e.g. [Figure 3D--E](#fig3){ref-type="fig"}); (iii) reproducible pseudo-multi-parametric display of different markers so that subpopulations can be intuitively observed and compared, even between samples of different staining panels, which is not applicable with cluster algorithms (e.g. [Figure 4A and B](#fig4){ref-type="fig"}; [@bib52]; [@bib58]) and (iv) exploitation of auxiliary information in percentages is enabled by the combinatorial approach, which would otherwise only be accessible with further gating steps. It should also be noted, however, that with PRI many cells and a broad bin range together with the right marker combination are necessary to obtain meaningful information from the plots.

PRI paves the way for reproducible and automatable cytometric analyses, which are useful not only for basic research but also for clinical studies to identify disease mechanisms and progressions, to discover biomarkers, to analyze therapy responder/non-responder, and to monitor stable quality and effectiveness of manipulated cells. In addition, PRI provides a statistically robust pattern map for visual inspections and serves as input for prospective pattern recognition in machine learning approaches with feature engineering steps.

Second, the super-functional IL-21^+^IFN-γ^hi^ cell subset identified here is a novel Tfh-like subpopulation, which differs from the subpopulations described so far by a low expression of PD-1. In concordance with Tfh, Tph ([@bib53]) and other Tfh-like cell subsets ([@bib5]; [@bib26]; [@bib71]; [@bib74]) splenic super-functional T cells are IL-21^+^, CD40L^hi^, and ICOS^+^ ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Their affiliation to Tfh or extrafollicular Tfh cells could be ruled out, as the majority of super-functional T cells do neither express Bcl6 or CXCR5, nor CXCR4 or PSGL-1^low^ ([Figure 4](#fig4){ref-type="fig"}; [@bib49]). They rather seem to exhibit polyfunctional characteristics such as a strong co-expression of Th1 and Tfh-like effector proteins with high activation potential.

Poly-functional T cells were first described as being protective in viral infections ([@bib29]; [@bib57]). However, polyfunctional T cell subpopulations were identified as pathogenic in autoimmune diseases ([@bib2]). Most of the previous studies on poly-functional T cells focused on IFN-γ^hi^, TNF-α^hi^, IL-2^hi^ cells in the context of infections and immunizations ([@bib40]; [@bib56]; [@bib75]). Compared to the triple positive poly-functional T cells, super-functional T cells here were even superior regarding their additional expression of IL-21, ICOS, and CD40L^hi^ and their demonstrated B cell helper activity ([Figure 7](#fig7){ref-type="fig"}). In vitro, PD-1^low^ CXCR3^+^ CXCR5^-^ Tsh cells and PD-1^hi^ cells, containing the CXCR5^+^ Tfh cells, displayed dichotomic functions regarding the induction of GC-like and plasma cell phenotypes, respectively. In keeping with the chemokine profile of these two CD4 T cell subsets, this result suggests that in vivo PD-1^low^ CXCR3^+^ CXCR5^-^ Tsh cells could provide help in the inter-follicular space juxtaposed to the GC and enriched in the CXCR3 ligand CXCL9 ([@bib41]). There, B cells become blasts, proliferate and differentiate into GC B cells that migrate to CXCR5 ligand-rich follicles, where further support by the Tfh promotes affinity maturation and plasma cells differentiation ([@bib22]; [@bib69]). Alternatively, Tsh could participate to expand activated B cells in an extrafollicular GC-like reaction, as recently described during Salmonella infections ([@bib14]).

Considering the observed extrafollicular co-localization of T cells and B cells in the spleen of NZBxW mice (data not presented) and the peripheral localization of super-functional T cells ([Figure 5D](#fig5){ref-type="fig"}), we speculate that they can even provide B cell help directly in inflamed tissues, thereby exacerbating tissue destruction. Due to their low expression of inhibitory receptors (especially PD-1, CTLA4), their activation is potentially facilitated compared to Tfh cells, as these express significantly higher amounts of PD-1, CTLA4, TIGIT and BTLA ([Figure 4](#fig4){ref-type="fig"}; [@bib6]; [@bib72]).

Third, the super-functional IL-21^+^IFN-γ^hi^ cell subset could promote SLE progression through B cell help dependent and independent effects. Similar to Tfh-like cells, which were found in SLE and other autoimmune diseases ([@bib23]; [@bib26]; [@bib54]; [@bib71]), the super-functional subset delivers effective B-cell help for IgG production in an IL-21- and CD40L-dependent manner. Tissue-resident Tfh-like cells are proposed to be \'the most pathogenic T cell subset, as they select autoreactive B cells in the uncontrolled environment of lymphocytic tissue infiltrates and drive the local differentiation of plasmablasts producing pathogenic antibodies directly in the affected tissues\' ([@bib26]).

Due to their presence also in non-lymphoid organs ([Figure 5](#fig5){ref-type="fig"}) and their IL-21 and IFN-γ co-expression, the super-functional cell subset might be superior in activation-induced processes that drive autoimmunity by expanding pathogenic T cell subsets in non-lymphoid tissue and promoting inflammation. This hypothesis is supported by several studies focusing either on IL-21 or IFN- γ effects. 

IL-21 uniquely contributes to SLE and other autoimmune diseases, because pharmacological and genetic abrogation of IL-21 signaling in mice stopped inflammation in non-lymphoid organs and protected them from autoimmune diseases, respectively ([@bib11]; [@bib36]). In line with the reported IL-21--mediated proliferation ([@bib79]) and its autocrine and paracrine action ([@bib46]) is our observation that the IL-21^+^ IFN-γ+ double-producing population had the highest proliferative capacity in vivo compared to single-producing (IL-21^+^ IFN-γ^--^, IL-21^--^ IFN-γ+) and double-negative (IL-21^--^ IFN-γ^--^) populations measured by Ki67 expression (data not shown).

IFN- γ is also considered to be a key molecule in the pathogenesis of SLE ([@bib50]; [@bib51]; [@bib67]). Consequently, excessive IFN-γ production was required to sustain lupus-associated Tfh cell accumulation in mice ([@bib34]). Contrary to this and other reports on lupus-prone mice ([@bib16]; [@bib24]), we observed no increase but a slight decrease in IFN-γ frequencies with disease progression ([Figure 2](#fig2){ref-type="fig"}), possibly due to different subpopulations of Tmem and Th cells being studied.

In addition to IL-21 and IFN-γ^hi^ co-expression, the super-functional cell subset is characterized by high IL-2 and TNF-α but no IL-10 expression. IL-2 is discussed to be rather protective than pathogenic in SLE because the acquired IL-2 deficiency is a crucial general event in the pathogenesis of lupus and mainly leads to a disorder of the homeostasis of regulatory T cells. Correspondingly, a low dose IL-2 therapy selectively corrected Treg cell defects and greatly expanded the Treg cell subpopulation ([@bib25]; [@bib70]). In contrast, anti-TNF-α therapy with infliximab has produced inconsistent results so far and is not routinely used to treat SLE ([@bib1]). IL-10 has pleiotropic effects, which can be anti-inflammatory and pro-inflammatory. In SLE patients, however, the higher IL-10 level associated with the disease is considered pathogenic and its blockage improves the disease ([@bib37]). Recently, an IL-10/IFN-γ co-producing pathogenic Th cell sub-population (CXCR5^-^ CXCR3^+^ PD-1^hi^) was identified in SLE patients ([@bib7]). These cells differ from our super-functional cells primarily because they do not co-express IL-21, rather they provide B cell help independently of IL-21, and are PD-1 high.

Transient co-expression of IL-21 and IFN-γ has already been described for subsets of early Th1-Tfh and germinal centre Tfh cells ([@bib18]; [@bib44]; [@bib74]). However, it is still unclear to what extent double producing cells functionally differ from IFN-γ and IL-21 single producers ([@bib60]). It is worth mentioning in this context that the majority of IL-21^+^ Tmem cells in this study were IFN-γ+ ([Figure 3F](#fig3){ref-type="fig"}; young: 56 ± 3% versus old diseased: 71 ± 4%) and non-Tfh cells ([Figure 6](#fig6){ref-type="fig"}). They were found in both lymphoid and peripheral organs of NZBxW mice ([Figure 5](#fig5){ref-type="fig"}).

Interestingly, IL-21 was reported to inhibit TCR-induced Th1 differentiation ([@bib31]; [@bib63]; [@bib78]) and, vice versa, forced expression of the Th1 master transcription factor T-bet inhibited IL-21 expression ([@bib31]). Therefore, the special co-expression of IL-21 and IFN-γ could be triggered by chronic inflammatory conditions, leading to a dysregulated cytokine landscape ([@bib24]), specific expansion of double positive cells ([@bib31]), and plasticity of Th cell phenotype ([@bib8]).

Several reports underline a high diversity and plasticity of Tfh and Tfh-like cells ([@bib38]; [@bib60]; [@bib76]). Song and Craft even proposed in between the two archetypes are differentiated cells that have varied degrees of Th and Tfh cell characteristics which may not exist in distinct subsets\" ([@bib60]). They proposed to search for alternatives to further dividing Th, Tfh and Tfh-like cell subsets. Our PRI approach is an attempt in this direction to analyze and visualize a continuum between cell subsets without further dividing subpopulations by gating ([Figure 4](#fig4){ref-type="fig"}, [Figure 3---figure supplement 1D](#fig3s1){ref-type="fig"}).

In this study, we defined a novel subset of Tfh-like cells -- super-functional IL-21^+^ IFN-γ^hi^ PD-1^low^ Tmem cells -- that exhibit superior production of cytokines in both quantity and number and provide B cell help. This suggests that efforts to decrease their frequency or manipulate their main properties such as IL-21/IFN-γ co-expression may represent an important therapeutic strategy.

Materials and methods {#s4}
=====================

Mice {#s4-1}
----

NZBxNZW (NZBxW) mice were bred under specific-pathogen-free conditions in the animal facility of the Federal Institute for Risk Assessment (Berlin, Germany). The female filial one generation was used for experiments. Animal experiments were approved by the local authority LAGeSo (Landesamt für Gesundheit und Soziales) Berlin under animal experiment licenses T0187-01 and G0070/13.

Severity of disease was monitored weekly by scoring the mice according to levels of proteinuria (Uristix, Siemens) and weight.

C57Bl6/J mice were purchased from Janvier (France) and kept for 15 to 24 months in the SPF facility of the DRFZ.

Cell preparations for flow cytometry {#s4-2}
------------------------------------

We isolated splenocytes by crushing the spleen through a 200 µm metal mesh in order to create single-cell suspensions. Erythrocytes were lysed by hypotonic shock and splenocytes were filtered through a 30 µm cell strainer.

Kidney, liver and lung were perfused with PBS. From the liver, single-cell suspensions were created by crushing through a 200 µm metal mesh. To isolate hepatic lymphoid cells, a density gradient centrifugation in the presence of 40% Percoll was performed followed by erythrocyte lysis.

Lungs and kidneys were perfused with PBS and placed in ice-cold PBS. Organs were cut into small pieces and digested with 0.25 mg/ml collagenase (Sigma) and 0.25 mg/ml collagenase D (Roche) and 10 U/ml DNAse I (Sigma) in RPMI 1640 medium + 0.5% BSA. The tissue was gently crushed through a 200 µm metal mesh followed by a 70 µm cell strainer. Cells were washed and resuspended in RPMI1640 supplemented with 10% FCS, b-mercaptoethanol, penicillin (100 U/ml) and streptomycin (100 U/ml).

Flow cytometry {#s4-3}
--------------

The analysis was conducted according to the guidelines for the use of flow cytometry and cell sorting in immunological studies ([@bib13]).

For intracellular cytokine staining, cells were stimulated with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 µg/ml ionomycin (Sigma) for 1 hr followed by additional 3 hr in the presence of 5 µg/ml Brefeldin A (Sigma). Cell surfaces were stained with antibodies in the presence of 100 µg/ml 2.4G2 (anti-FcγRII/III; purified from hybridoma supernatants) to reduce unspecific antibody binding. Cells were fixed with 2% paraformaldehyde followed by an intracellular staining in 0.5% saponin. For intracellular staining of transcription factors, cells were fixed with FoxP3 fixation buffer (eBioscience) and stained in FoxP3 permeabilization buffer (eBioscience). Live cells were discriminated from dead cells with a fixable LIVE/DEAD stain (Life Technologies). The expression of phenotypic markers was determined with a BD LSR Fortessa (BD Biosciences) and analyzed with FlowJo (Treestar).

Detection of serum antibodies by enzyme-linked immunosorbent assay (ELISA) {#s4-4}
--------------------------------------------------------------------------

Serum was collected from mice of different age. Anti-dsDNA-IgG antibodies were measured by ELISA as described previously using biotin-labeled goat anti-mouse IgG (γ chain specific) antibodies for detection (Southern Biotech) ([@bib9]).

Co-culture experiments {#s4-5}
----------------------

Splenocytes were stained with anti-CD19-FITC, anti-CD25-PerCP-Cy5.5, anti-CXCR5-PE-Cy7, anti-CXCR3-APC, anti-B220-APC-Cy7, anti-CD4-PacB, anti-CD44-BV785, DAPI and sorted for DAPI^--^ naive B cells (CD19^+^ B220^+^ CD44^low^) and Th1 cells (CD4^+^ CXCR5^--^ CD44^+^ CD25^--^ CXCR3^+^) using FACS Aria II (BD Biosciences) with a purity ≥95%. Th1 cells and naive B cells (2:1) were sterily co-cultured for five days in 96-well round-bottom plates in the presence or absence of blocking antibodies: IL-21R-Fc chimera (R and D systems), anti-CD40L (clone MR1, DRFZ) and anti-IFN-γ (clone AN18.17.24, DRFZ). T cells were stimulated polyclonally with anti-CD3 (clone KT3) and anti-CD28 antibodies (clone 37.51, both DRFZ). As positive control, B cells were stimulated with IL-21 (Peprotech) and anti-CD40 (clone FGK-45, DRFZ). After 5 days, the IgG concentration in the supernatant was determined by the Mouse IgG ELISA Kit (LSBio).

T cell populations for T helper functions' comparison were FACS-sorted from splenocytes stained with anti-PD-1 conjugated to PercP-Cy5.5 or APC-Cy7, anti-CXCR5-BV650, anti-CD44 conjugated with PacO or BV786, anti-CXCR3 conjugated with APC or BV421, anti-CD4-PE, anti-CD8-Al488, DAPI or PI. B cells were sorted from splenocytes after enrichment with B cell purification kit using magnetic beads (Miltenyi, Germany), and stained with anti-B220-FITC, anti-CD19-Al647 and PI. PI^-^ CD19^+^ B220^+^ B cells, live CD4+ PD-1lo CXCR5- CXCR3+ or CXCR3- and PD-1hi CXCR5+/- were sorted using FACS Aria II (BD Biosciences) with a purity ≥90%. T and B cells were cultured as above. On day five, cells were harvested, washed in PBS, and stained with L/D aqua fixable dye (ThermoFisherScientific) and with anti-B220-FITC, anti-CD4-PE, anti-GL7-PerCP-Cy5.5, anti-Fas-PE-Cy7, anti-CD138-BV421. For each well, the totality of the cells were acquired on BD LSR Fortessa (BD Biosciences) and analyzed with FlowJo (Treestar).

Flow cytometry analysis {#s4-6}
-----------------------

Files were pre-processed in FlowJo (compensation, elimination of doublets and dead cells, gating). For tSNE, CD44^+^ T cells were down-sampled to 10.000 cells and analyzed with the plugin 'Tsne' (1000 iterations, perplexity 20, theta 0.5, eta 200) in FlowJo. For PRI, T cell populations were exported as fcs-files. Fluorescent intensities were transformed with inverse hyperbolic sine (arcsinh), which is a common transformation method for flow cytometry data ([@bib19]). The x and y axis of parameters X *vs.* Y was categorized into bins of size 0.2 × 0.2. Over all cells in each bin, different statistical methods are calculated and plotted in a color-coded manner as a heat map (low values are represented by shades of blue, median values by yellow and high values by red). The frequency (%) of parameter Z^+^ cells per bin, mean fluorescence intensity of parameter Z^+^ cells (MFI+), MFI over all cells per bin or the relative standard error of the mean of parameter Z (RSEM) were used. Auxiliary information are displayed as black, red, green and blue percentage numbers in each quadrant. Black percentage numbers indicate the frequency of cells relative to total cells. The frequency of Z^+^ cells is given as relative to cells inside the respective quadrant (red), relative to total cells (green) and relative to total Z^+^ cells (blue). Frequencies of double producing cells (two parameters) per bin are color-coded in green scales. All parameters were included in the analysis and bins with less than 10 cells are not displayed. This minimum count of cells was used to balance the impact of identifying comparatively rare subpopulations while retaining the statistical robustness. We operated on R with package 'flowCore' to read the fcs-files. In order to generate 3D-surface plots with package plotly v4.7.1, frequency bin tables were exported from PRI's R source code.

Quantification and statistical analysis {#s4-7}
---------------------------------------

Statistical analyses were conducted using GraphPad Prism7 Software. For bar and scatter plots, data are shown as mean ± s.e.m. The statistical tests included unpaired, two-tailed Student's t-test and Mann-Whitney test. For comparisons of three or more groups, data were subjected to one-way or two-way ANOVA, followed by Sidak's or Dunnett's multiple comparison test (as indicated in each figure legend). p\<0.05 was considered significant.
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**Acceptance summary:**

Some T helper cell populations have been shown to expand in autoimmune diseases such as systemic lupus erythematosus and might thus contribute to the unfolding of the disease condition. To zoom on those T cells that have phenotype very similar to other T cell subpopulations, the authors combined a bin-based \"pattern recognition of immune cells\" strategy with comprehensive cytometric measurements of T helper cells from found in lupus-prone mice. On that basis, they defined a novel subset of super functional T helper cells that exhibit superior B cell help and may constitute therapeutic targets.

**Decision letter after peer review:**

Thank you for submitting your article \"Identification of a super-functional Tfh-like subpopulation in murine lupus by pattern perception\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Satyajit Rath as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Joe Craft (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The authors used CytoBinning, a recently described flow cytometry analysis approach, to explore the phenotype and cytokine expression profile of splenic memory CD4^+^ T cells from NZBxW mice at different stages of disease. The analysis approach combines automation of a traditional workflow and machine learning, linking high dimensional data back to two biomarkers which can be represented as 2D scatter plots and enables the identification of subtle shifts in immune phenotypes. Using this approach, the authors identify a subpopulation of IL21^+^ IFNγ^+^ PD1^low^ CD40L^high^ CXCR5^-^ Bcl6^-^ CD4^+^ T cells expanded in older, diseased mice that expresses high levels of TNFα and IL2. Considering that in co-culture experiments they observe that it provides B cell help though IL21 and CD40L, the authors define this population as a \"super-functional Tfh-like cells\". Overall, this interesting manuscript surmises that these newly identified cells are critical for the disease phenotype in lupus, including promotion of autoantibody production.

As a major aim of the manuscript is the presentation of a new method to analyse flow cytometry data, further information should be made available to allow a direct comparison of this new method with previous methods. Moreover, the \"super-functional Tfh-like cells\" should be more precisely compared to the T peripheral helper (Tph) cells, first described in rheumatoid arthritis by Rao and colleagues (Rao et al., 2017), and this year in SLE (Bocharnikov et al., 2019), celiac disease (Christophersen et al., 2019) and T1DM (Ekman et al., 2019).

Essential revisions:

1\) Methodological issues.

1\. 1) While the insights revealed using the combinatorial approach with data binning are of interest, sifting through the data is more challenging than it need be. Certain panels of figures are mislabeled (2H does not exist, 3C or D is incorrectly noted, and so forth), and the authors are asked to proof the text and figures. As well, Figure 2E and Figure 2---figure supplement 1B are nigh on impossible to parse, given overlap in colors (not even accounting for red-green discernment). In a like vein, certain figures are challenging to interpret, given the light shades of gray that appear to overlap. The concerns stand out all the more, given the nice visuals of the binning data.

1.2) Each PRI plot superimposes data from several samples (biological replicates). While the authors show that data are reproducible for individual mice, it is likely that for some markers or some biological experiments, great inter-individual variation can occur. The provided statistics fail to represent this issue. A better clarification on how PRI plots can be used to show the range of variability among a population should be provided.

1.3) The audience of this manuscript will be far more familiar with traditional methods of FACS analysis than PRI. As a consequence, in order to establish the robustness of PRI-based quantification and familiarity with the approach, Figure 3A should include also samples from young mice. It seems from the analysis of the flow cytometry plots of old mice (Figure 3A) that all IL-21^+^ cells co-express IL-2, TNF, and IFN while being CXCR5^-^, PD-1int, and IL-10^-^. However, PRI assessment of the same samples (Figure 3F) provides a visual representation suggesting that the vast majority of IFNγ^+^ cells are also producing IL-21, while in the dot plots (Figure 3A) only \~1/7 of IFNγ^+^ cells produce IL-21. Furthermore, looking at the PRI of young mice it is unclear whether the IL-21 producing cells maintain the same phenotype as the cells from old mice, like the authors claim (subsection "Bin plots revealed an IL-21^+^ super-functional T cell subpopulation"). For all of the above Figure 3A should allow independent assessment of young/old phenotype in addition to PRI plots of Figure 3F.

1.4) Additionally, the most biologically relevant statistical assessment is in respect to cell populations (defined to the best of our ability) rather than individual markers. If the authors claim the importance of a novel cell subset defined as IL-21^+^, IFNγ^+^... the relevant statistical analysis of Figure 3E should be based on the frequency of that cell subset in young vs. old mice rather than (or in addition to) the presented analysis based on individual markers.

1.5) The phenotype of IL-21-producing cells displayed in Figure 4 is not easy to interpret given the poor identification of the IL21^+^ cells, as they are contained in bins together with other cells. Lack of statistics is also a concern. As a key objective of the manuscript is to show how PRI compares with FACS analysis, the figure would improve with traditional dot plots of gated IL-21^+^ cells (or even how IL21^+^IFNγ^++^ compared with IL-21^-^IFN^++^ for the different markers -- to a large extent these two cell populations are in the same bin region). Statistics could then be provided and compared with PRI data.

1.6) It is also puzzling why the authors do not compare the phenotype of IL-21^+^ cells and IL-21^-^IFN^+^ and IL21^-^IFN^-^ instead of a complex matrix of comparisons based on IFNγ and PD-1 expression (Figures 5, 6 and Figure 6---figure supplement 1). A major goal of the manuscript is to define a IL-21^+^IFNγ^+^ cell population that can be easily gated. Data should be provided for the population of interest in addition to arbitrary quadrants.

1.7) Figure 2C. How was the determination of PD-1^-^, PD-1^low^ and PD-1 positivity determined? The gating does not follow the cell density plots.

1.8) The authors note the data are reproducible. but how was reproducibility shown statistically?

2\) Biological issues

2.1) The authors focused only on the \"super-functional Tfh-like cells\", even though in the sicker mice there is not only and expansion of IL21^+^ IFNγ^+^ PD1^low^ cells but also of IL21^+^ IFNγ^+^ PD1^high^ cells (Figure 3E) as well IL10^+^ IFNγ^+^ PD1^high^ cells. To prove that this IL21^+^ INFγ^+^ PD1^low^ CD40L^high^ CXCR5^-^ Bcl6^-^ T cell population helps B cells though IL21 and CD40L, they sort non Tfh-Th1 like cells (CD4^+^, CXCR5^-^, CD44^hi^, CXCR3^+^ cells) and check their ability to support B cell activation and Ig production. Two main concerns arise from these set of experiments. First, the sorting strategy should include PD1 in order to enrich the non Tfh-Th1 like mem T cells (CD4^+^, CXCR5^-^, CD44^hi^, CXCR3^+^) within the PD1^low^ population (CD4^+^, PD1^low^, CXCR5^-^, CD44^hi^, CXCR3^+^ cells). Second, the B cell helper assay should be repeated and compared with other cell populations, including conventional Tfh1 cells (CD4^+^, PD1^hi^, CXCR5^+^, CD44^hi^, CXCR3^+^ cells) and include naïve versus total B cells. In addition, the authors should perform a more thorough characterization of the main three expanded cell subpopulations by RNAseq to better define the uniqueness of the novel \"super- functional\" cells.

2.2) The authors claim IFNγ^+^IL-21-producing cells represent a novel population distinct from previous defined populations with \"super-functional\" properties.

2.2.1) One cell population that has been shown important in human SLE and bears some similarities was not discussed: T peripheral helper (Tph) cells, first described in rheumatoid arthritis by Rao and colleagues (Rao et al., 2017), and this year in SLE (Bocharnikov et al., 2019), in celiac disease (Christophersen et al., 2019) and T1DM (Ekman et al., 2019). These cells are CXCR5^-^ Bcl6^-^ and characterized by IL-21 production, a critical difference to the population discussed in this manuscript is that Tph are PD-1^hi^. However, if the two populations are different, they should both be present. Do the authors claim the only T cell population producing IL-21 is the newly discovered? Is there an explanation for poor identification of other IL-21-producing T cells among CXCR5^-^ cells, namely Tph?

2.2.2) Considering that the super-functional T cell population identified by the authors is similar to Tph cells, it would be of interest to know if the super-functional T cells are Blimp1^+^, which is likely the case, recognizing the potential limitation of flow staining for this transcriptional repressor in mouse.

2.2.3) While the T-B cell helper assay adds a functional component to the paper, how physiological this experiment really is? Do the authors think that their T cells drive \"naïve\" B cells to produce Ig in vivo? Do super-functional T cells come into contact with naïve B cells in secondary lymphoid organs or elsewhere? Wouldn\'t naïve B cells need an IgM as well as TLR and/or cytokine signals first, to move into proximity with activated T cells?

2.2.4) The functional assay cannot be easily interpreted with the available information. Since sorting was done with an indirect strategy (based on CXCR3^+^CXCR5^-^ T cells) it will be important to show what is the frequency of the IL-21^+^IFNγ^+^PD-1int cells among the sorted population. A positive control with bona fide CXCR5^+^PD1^hi^ Tfh cells should be provided to compare the potency of Tfh and the claimed \"super-functional\" population. Titrations may be provided to assess relative potency, if needed. It is hard to claim super-functional properties without a functional comparison with the current standard of B cell help (i.e. Tfh cells). FACS plots with B cells stained with anti-GL7 and anti-IgG1 could also make the results more compelling, given the low levels of IgG antibodies produced.

2.2.5) Frequently, BCR agonists (anti-IgM for instance) are provided in addition to T cell stimulation for in vitro assays (see for instance Sage, Nature Immunol 2016 17:1436), this may improve the assay read-out.

2.2.6) More clarity about disease definition would be helpful. \"Chronic inflammation, high proteinuria\", is not so specific, not is age of mice. Likewise, were autoantibodies and renal histology assessed?
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Author response

> Summary:
>
> The authors used CytoBinning, a recently described flow cytometry analysis approach, to explore the phenotype and cytokine expression profile of splenic memory CD4^+^ T cells from NZBxW mice at different stages of disease. \[...\] Overall, this interesting manuscript surmises that these newly identified cells are critical for the disease phenotype in lupus, including promotion of autoantibody production.

Binning is a way of discretizing data and can be done by adaptive binning (e.g. quantiles) or fixed-width binning (e.g. rounding). The mentioned CytoBinning approach, first described by Roederer et al., 2001 (Cytometry 2001, 45:37), use the percentile-based binning. In contrast, our approach uses fixed-width bins with a varying number of cells. This visualisation was chosen, because the cells tend to accumulate near the center of the data range but flatten out fast near the boundary of the range. A percentile-based binning would emphasize on the cell distribution. In contrast, we focus on the expression distribution and pattern mainly at the range boundaries. We do not only use the regular cell count, but we particularly make use of the mean fluorescence intensities and the frequency of positive cells of an additional third marker or several markers to provide valuable additional information. This is the combinatorics of 3 or more markers. Furthermore, a fixed-width binning allows for a good intuitive comparison of different samples.

> As a major aim of the manuscript is the presentation of a new method to analyse flow cytometry data, further information should be made available to allow a direct comparison of this new method with previous methods.

We accepted the advice and integrated additional conventional analyses into several figures. In Figure 3A and B we included all respective contour plots for young mice. We confirmed the bin plot data of new Figure 3F and G by conventional gating analysis shown in Figure 3A and B, and the results of statistical analysis in Figure 3C. For comparison we show the statistical analysis from the bin plots in Figure 3---figure supplement 1B.

> Moreover, the \"super-functional Tfh-like cells\" should be more precisely compared to the T peripheral helper (Tph) cells, first described in rheumatoid arthritis by Rao and colleagues (Rao et al., 2017), and this year in SLE (Bocharnikov et al., 2019), celiac disease (Christophersen et al., 2019) and T1DM (Ekman et al., 2019).

Thank you for the recommendation. Tfh and Tph cells are both characterized by very high PD-1 expression (which distinguishes them from the PD-1^low^ super-functional Tfh-like (Tsh) cells), high production of IL-21, and either high or absent expression of CXCR5. We included new data and figures for these three markers (Figure 3C lower row, Figure 3G, Figure 3---figure supplement 1B and Figure 5D). In addition, we inserted additional references into the main text of the manuscript.

> Essential revisions:
>
> 1\) Methodological issues.
>
> 1\. 1) While the insights revealed using the combinatorial approach with data binning are of interest, sifting through the data is more challenging than it need be. Certain panels of figures are mislabeled (2H does not exist, 3C or D is incorrectly noted, and so forth), and the authors are asked to proof the text and figures.

Sincerely sorry for the mistake. We corrected it.

> As well, Figure 2E and Figure 2---figure supplement 1B are nigh on impossible to parse, given overlap in colors (not even accounting for red-green discernment). In a like vein, certain figures are challenging to interpret, given the light shades of gray that appear to overlap. The concerns stand out all the more, given the nice visuals of the binning data.

We totally see the point. We improved the colours and the graphics for both pie charts. For simplicity, we moved the pie chart (former Figure 2E) to Figure 2---figure supplement 2E).

> 1.2) Each PRI plot superimposes data from several samples (biological replicates). While the authors show that data are reproducible for individual mice, it is likely that for some markers or some biological experiments, great inter-individual variation can occur. The provided statistics fail to represent this issue. A better clarification on how PRI plots can be used to show the range of variability among a population should be provided.

In the original version of the manuscript, each bin plot visualised the cytometric data of a single mouse. To minimize inter-individual deviations, data from different mice were combined after measurement and were visualised in one bin plot. Therefore, for the new Figure 3 pictures we used concatenated cells from 3 mice each (young and old diseased). To exemplary demonstrate the robustness of the method, we compared the pattern of concatenated cells from the new experiments with patterns of 4 single mice from older experiments (Figure 2---figure supplement 3B). Thus we inserted the new Figure 2---figure supplement 3C.

> 1.3) The audience of this manuscript will be far more familiar with traditional methods of FACS analysis than PRI. As a consequence, in order to establish the robustness of PRI-based quantification and familiarity with the approach, Figure 3A should include also samples from young mice.

We included conventional plots of young mice into Figure 3A and B.

> It seems from the analysis of the flow cytometry plots of old mice (Figure 3A) that all IL-21^+^ cells co-express IL-2, TNF, and IFN while being CXCR5^-^, PD-1int, and IL-10^-^. However, PRI assessment of the same samples (Figure 3F) provides a visual representation suggesting that the vast majority of IFNγ^+^ cells are also producing IL-21, while in the dot plots (Figure 3A) only \~1/7 of IFNγ^+^ cells produce IL-21.

We admit that too many frequencies given in the old Figure 3F were confusing. Therefore, we depicted here ([Author response image 1](#respfig1){ref-type="fig"}) and in the novel Figure 3F and G only the most important green numbers (Z^+^ producers of all CD44^+^ cells in the respective quadrants).

The old figures showed that 5.7% ([Author response image 1](#respfig1){ref-type="fig"} left picture) and 6.8% ([Author response image 1](#respfig1){ref-type="fig"} right picture) of CD44^+^ cells are IL21^+^IFN-γ^+^ (DP) cells and 5.4% are triple-producers (with PD-1^+^). Most of the IFN-γ producing cells (32%) were IL-21^-^ and PD-1^+^.
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> Furthermore, looking at the PRI of young mice it is unclear whether the IL-21 producing cells maintain the same phenotype as the cells from old mice, like the authors claim (subsection "Bin plots revealed an IL-21^+^ super-functional T cell subpopulation"). For all of the above Figure 3A should allow independent assessment of young/old phenotype in addition to PRI plots of Figure 3F.

We included plots of young mice into Figure 3A and G.

The frequencies of IL-21^+^ and IL21^+^IFN-γ^+^ among the Tmem cells (CD44^+^) are not significantly different between young and old mice but show a slight tendency to be a bit higher in old diseased mice as shown both with PRI-data (Figure 3---figure supplement 1B) and FlowJo-data (Figure 3C). However, the properties of these cells to co-produce PD-1 increased significantly (Figure 3---figure supplement 1C).

> 1.4) Additionally, the most biologically relevant statistical assessment is in respect to cell populations (defined to the best of our ability) rather than individual markers. If the authors claim the importance of a novel cell subset defined as IL-21^+^, IFNγ^+^... the relevant statistical analysis of Figure 3E should be based on the frequency of that cell subset in young vs. old mice rather than (or in addition to) the presented analysis based on individual markers.

In fact, this consideration is really logical. Therefore, we provided two new experiments (with 10 mice in total) and included all relevant markers within one staining panel. This allowed us to analyse in parallel the subsets Tfh, Tph, and Tsh. The new Figure 3F, G, and Figure 3---figure supplement 1B show the PRI data of concatenated measured cells (3 mice each for young and old mice). The conventional flow cytometric analysis is shown in Figure 3C.

> 1.5) The phenotype of IL-21-producing cells displayed in Figure 4 is not easy to interpret given the poor identification of the IL21^+^ cells, as they are contained in bins together with other cells.

We agree to this. However, we experienced that taking IFN-γ instead of IL-21 is better for visualisation of preferred expression areas of the most Z-parameters. The range of IFN-γ is much greater than the range from IL-21. Therefore, tendencies and differences in the populations are better visualised as can be seen e.g. for CD40L intensities (Figure 4---figure supplement 1A) which correlates with the IFN-γ intensities.

> Lack of statistics is also a concern. As a key objective of the manuscript is to show how PRI compares with FACS analysis, the figure would improve with traditional dot plots of gated IL-21^+^ cells (or even how IL21^+^IFNγ^++^ compared with IL-21^-^IFN^++^ for the different markers -- to a large extent these two cell populations are in the same bin region). Statistics could then be provided and compared with PRI data.

The new Figure 3C and the new Figure 3---figure supplement 1B, offer the possibility of a direct comparison of the statistical data obtained by conventional gating and PRI analysis, respectively.

> 1.6) It is also puzzling why the authors do not compare the phenotype of IL-21^+^ cells and IL-21^-^IFN^+^ and IL21^-^IFN^-^ instead of a complex matrix of comparisons based on IFNγ and PD-1 expression (Figures 5, 6 and Figure 6---figure supplement 1). A major goal of the manuscript is to define a IL-21^+^IFNγ^+^ cell population that can be easily gated. Data should be provided for the population of interest in addition to arbitrary quadrants.

The results from subsequent gating are shown in the new Figure 3C.

> 1.7) Figure 2C. How was the determination of PD-1^-^, PD-1^low^ and PD-1 positivity determined? The gating does not follow the cell density plots.

For PD-1^+/-^ gating we used the FMO controls. For determination of PD-1^high^, we took the decline in co-expression of PD-1^high^ and IL-2 intensities in old diseased mice.

> 1.8) The authors note the data are reproducible. but how was reproducibility shown statistically?

Plotting the same data file produces the same pattern and numbers (100% identical) if all parameters, such as the defined threshold value of the parameter Z, the minimum number of cells per bin and the bin width are maintained. By applying different threshold values for parameter Z (IL-10) as shown in Figure 2---figure supplement 3D, the reviewer can get an impression about the changes of the pattern.

> 2\) Biological issues
>
> 2.1) The authors focused only on the \"super-functional Tfh-like cells\", even though in the sicker mice there is not only and expansion of IL21^+^ IFNγ^+^ PD1^low^ cells but also of IL21^+^ IFNγ^+^ PD1^high^ cells (Figure 3E) as well IL10^+^ IFNγ^+^ PD1^high^ cells.

Yes, the reviewer is right (seen also in the new Figure 3C), there are also more IL21^+^ IFNγ^+^ PD1^high^ and IL10^+^ IFNγ^+^ PD1^high^ cells in old mice compared to young mice. However, the majority of IL-21^+^ cells are PD-1^low^ and IFNγ^+^ , which defines a previously unknown subset. Therefore, we concentrated on characterisation of this novel cell subset.

> To prove that this IL21^+^ INFγ^+^ PD1^low^ CD40L^high^ CXCR5^-^ Bcl6^-^ T cell population helps B cells though IL21 and CD40L, they sort non Tfh-Th1 like cells (CD4^+^, CXCR5^-^, CD44^hi^, CXCR3^+^ cells) and check their ability to support B cell activation and Ig production. Two main concerns arise from these set of experiments. First, the sorting strategy should include PD1 in order to enrich the non Tfh-Th1 like mem T cells (CD4^+^, CXCR5^-^, CD44^hi^, CXCR3^+^) within the PD1^low^ population (CD4^+^, PD1^low^, CXCR5^-^, CD44^hi^, CXCR3^+^ cells). Second, the B cell helper assay should be repeated and compared with other cell populations, including conventional Tfh1 cells (CD4^+^, PD1^hi^, CXCR5^+^, CD44^hi^, CXCR3^+^ cells) and include naïve versus total B cells.

To address this concern, we conducted a new set of T/B co-culture assays with cells sorted according to their PD-1 expression.

We performed new T/B co-culture assays to compare directly the B helper abilities of Tsh cells defined as CD4^+^, **PD1^low^** CXCR5^-^ CD44^+^ CXCR3^+^ cells, to that of CD4^+^**PD1^low^** CXCR5^-^ CD44^+^ CXCR3^-^ cells and PD-1^high^ cells, defined as CD4^+^**PD1^high^** CXCR5^+/-^ CD44^+^ containing both Tfh and Tph cells. These experiments are reported in Figure 7C and Figure 7---figure supplement 2. Due to the rarity of Tfh and Tph populations and the limited availability of old enough NZBxW F1 mice, we had to resort to aged (15-24 months) C57Bl/6 mice known to have increased autoimmune features (see for example Nusser et al., 2014). We had found that 24-month old C57Bl/6 mice presented with increased numbers of CD44^+^ cells and Tsh with the same features as sick NZBxW F1 mice. The strategy to sort the compared populations, as well as their respective productions of CD40L, IL-21 and IFN-g are presented in Figure 7---figure supplement 2A and C.

The limiting numbers of PD-1^hi^ cells restricted our study to the use of total B cells defined as CD19^+^ B220^+^ cells (Figure 7---figure supplement 2B).

These experiments clearly show dichotomic roles for Tsh and PD-1^high^ cells. While Tsh cells promote higher B cells expansion and GC-like differentiation of the B cells (GL7^+^ Fas^+^), PD-1^high^ cells promote cell survival and sustains better plasma cell differentiation (Figure 7C and Figure 7---figure supplement 2D). These results showing the superiority of Tsh cells in providing help for B cell proliferation is now described and discussed in the manuscript.

> In addition, the authors should perform a more thorough characterization of the main three expanded cell subpopulations by RNAseq to better define the uniqueness of the novel \"super-functional\" cells.

We agree that RNAseq data might reveal additional unique markers of this novel subset. Here, we rather concentrated on comprehensive protein pattern (in particular cytokine pattern) characterisation. We feel that this analysis already provided unique markers not only for definition of this subset but also unique functional properties.

> 2.2) The authors claim IFNγ^+^IL-21-producing cells represent a novel population distinct from previous defined populations with \"super-functional\" properties.
>
> 2.2.1) One cell population that has been shown important in human SLE and bears some similarities was not discussed: T peripheral helper (Tph) cells, first described in rheumatoid arthritis by Rao and colleagues (Rao et al., 2017), and this year in SLE (Bocharnikov et al., 2019), in celiac disease (Christophersen et al., 2019) and T1DM (Ekman et al., 2019). These cells are CXCR5^-^ Bcl6^-^ and characterized by IL-21 production, a critical difference to the population discussed in this manuscript is that Tph are PD-1^hi^. However, if the two populations are different, they should both be present. Do the authors claim the only T cell population producing IL-21 is the newly discovered? Is there an explanation for poor identification of other IL-21-producing T cells among CXCR5^-^ cells, namely Tph?

The reviewer is right, both cell subsets Tph and Tsh are increased in aged NZBW mice and produce IL-21. To analyse Tph cells in parallel to Tfh and Tsh cells, we performed 2 new experiments which included staining for CXCR5 (seen in Figure 3). In addition we re-analysed data of Figure 5 to directly compare the frequencies of both IL-21-producing subsets. Tsh cells are more than twice the number as Tph cells in the NZBW model.

> 2.2.2) Considering that the super-functional T cell population identified by the authors is similar to Tph cells, it would be of interest to know if the super-functional T cells are Blimp1^+^, which is likely the case, recognizing the potential limitation of flow staining for this transcriptional repressor in mouse.

We tried Blimp1^+^ staining, but were not successful. An example is shown where we compared staining obtained for PD-1^low^ CXCR5^-^ IFN-g^+^ IL-21^+^ (Tsh) cells, PD-1^high^ CXCR5^+^ (Tfh) cells and PD-1^high^ CXCR5^-^ cells. Compared to FMO staining, the antibody gave a similar signal for the entire population, including supposedly negative Tfh-cells, whereas T-bet staining as control gave a differential signal.
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> 2.2.3) While the T-B cell helper assay adds a functional component to the paper, how physiological this experiment really is? Do the authors think that their T cells drive \"naïve\" B cells to produce Ig in vivo? Do super-functional T cells come into contact with naïve B cells in secondary lymphoid organs or elsewhere? Wouldn\'t naïve B cells need an IgM as well as TLR and/or cytokine signals first, to move into proximity with activated T cells?

We agree with the reviewer. However, we would like to point out that the coculture experiments have now been repeated with total B cells and that it is quite impressive that Tsh cells can help naive B cells.

> 2.2.4) The functional assay cannot be easily interpreted with the available information. Since sorting was done with an indirect strategy (based on CXCR3^+^CXCR5^-^ T cells) it will be important to show what is the frequency of the IL-21^+^IFNγ^+^PD-1int cells among the sorted population. A positive control with bona fide CXCR5^+^PD1^hi^ Tfh cells should be provided to compare the potency of Tfh and the claimed \"super-functional\" population. Titrations may be provided to assess relative potency, if needed. It is hard to claim super-functional properties without a functional comparison with the current standard of B cell help (i.e. Tfh cells). FACS plots with B cells stained with anti-GL7 and anti-IgG1 could also make the results more compelling, given the low levels of IgG antibodies produced.

A new set of co-culture assays with a sorting strategy based on the expression of PD-1 and CXCR3 (Figure 7C and Figure 7---figure supplement 2) addresses the reviewer's concern. This new test confirmed the high helper functions of PD-1^low^ CXCR3^+^. Moreover, we characterized the respective cytokines and CD40L productions of the sorted CD4 T cell subsets to allow a direct correlation between their profiles and helper capacity (Figure 7---figure supplement 2C). These experiments provide a solid proof that Tsh cells have superior helper ability to support B cell proliferation over Tfh, suggesting a role in the production of self-reactive B cells in autoimmune contexts.

We took the advice of the reviewer and analysed the co-cultured B cells at the endpoint of the We took the advice of the reviewer and analyzed the co-cultured B cells at the endpoint of the experiment (day 5) by flow cytometry, using GL7 and Fas as marker of activated GC-like cells, and CD138 as an alternative to IgG1 for definition of antibody-producing cells. We preferred CD138 over IgG1 because IgG1 is mainly produced in Th2 contexts and Tph display a more Th1 phenotype with IFN-g, which induces diverse Ig class switching. Measuring IgG1 may have led to underestimate the production of Ig-producing cells. This new readout highlighted differences in the quality of T cell help provided by the different subsets, but also provided an explanation for the low levels of IgG detected by ELISA, given the low percentage of CD138^+^ cells.

> 2.2.5) Frequently, BCR agonists (anti-IgM for instance) are provided in addition to T cell stimulation for in vitro assays (see for instance Sage, Nature Immunol 2016 17:1436), this may improve the assay read-out.

Thank you for the advice. However, because we worked with limiting numbers of T cells, we could not endeavour to set an experimental system in which T help and BCR agonists are mutually titrated to optimize the co-culture assay. We plan to explore Tsh helper functions in antigen-dependent contexts involving BCR engagement in the future.

> 2.2.6) More clarity about disease definition would be helpful. \"Chronic inflammation, high proteinuria\", is not so specific, not is age of mice. Likewise, were autoantibodies and renal histology assessed?

Disease definition concerning age, proteinuria, and auto-antibodies is depicted in Figure 2A and in the main text. Auto-antibodies increase with age and disease score. Renal histology was not assessed.

[^1]: These authors contributed equally to this work.
